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Biochemical experiments in mammalian cells have linked Src family kinase activity to the insulin signaling 
pathway. To explore the physiological link between Src and a central insulin pathway effector, we 
investigated the effect of different Src signaling levels on the Drosophila transcription factor dFOXO in vivo. 
Ectopic activation of Src42A in the starved larval fatbody was sufficient to drive dFOXO out of the nucleus. 
When Src signaling levels were lowered by means of loss-of- function mutations or pharmacological 
inhibition, dFOXO localization was shifted to the nucleus in growing animals, and transcription of the 
dFOXO target genes d4E-BP and dlnR was induced. dFOXO loss-of-function mutations rescued the 
induction of dFOXO target gene expression and the body size reduction of Src42A mutant larvae, 
establishing dFOXO as a critical downstream effector of Src signaling. Furthermore, we provide evidence 
that the regulation of FOXO transcription factors by Src is evolutionarily conserved in mammalian cells. 



I ntracellular signaling cascades that elicit physiological responses triggered by extracellular stimuli such as 
I hormones or nutrients mainly rely on the reversible phosphorylation of proteins 1 , regulating their enzymatic 
I activity, conformation, subcellular localization, stability or interaction with other proteins. The interplay 
between protein kinases and protein phosphatases orchestrates the activity profile of the cellular proteome 
and therefore plays a central role in the regulation of most biological processes. Genetic alterations or envir- 
onmental influences that lead to the dysregulation of protein kinases or phosphatases can lead to diseases such as 
cancer, diabetes and inflammatory disorders. In the case of cancer, the impact of protein phosphorylation on the 
malignant transformation of cells has been recognized decades ago, when it was discovered that several animal 
tumor viruses encode protein tyrosine kinases 1 . The first known protein tyrosine kinase, c-Src, was identified as 
the cellular progenitor of the viral kinase v-Src, which is the transforming protein of the oncogenic Rous sarcoma 
virus (RSV) 2 . Another intracellular driver of growth and ultimately transformation is the insulin signaling 
pathway. Several publications reported that in mammalian cells, c-Src is required for the transduction of signaling 
from the insulin or insulin-like growth factor (IGF) receptor to downstream effectors 3 " 7 . Most of these studies 
suggest that Src function is required in the upstream part of the signaling pathway - in some contexts, Src 
associates with and/or is activated by the ligand-bound receptor 8 " 12 . Intersections of Src signaling with the 
insulin/IGF pathway have also been described at the level of insulin receptor substrate (IRS) proteins 1314 , 
phosphoinositide 3-kinase (PI3K) 15 and in the activation of AKT 16 " 19 . The main limitation of these biochemical 
studies is that they are mostly based on experiments in cell culture and often employ tools like the rather 
unspecific Src inhibitors PP1 and PP2, and therefore it is difficult to deduce the relevance of Src signaling in 
actual in vivo conditions in the living organism from them. To fill this knowledge gap, genetic analyses in model 
organisms such as Drosophila are well suited. In the fruit fly, a link between Src family kinase (SFK) signaling and 
insulin signaling has not been established. However, it was discovered in the large-scale yeast two-hybrid inter- 
actome study by Giot et al. that both fly Src family kinases, Src42 A and Src64B, interact physically with the adapter 
protein DOK (Downstream of kinase) which contains a pleckstrin homology (PH) domain and a phosphotyr- 
osine-binding (PTB) domain like CHICO and its mammalian IRS orthologs 20 . This binding might provide a way 
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by which Src kinases could be recruited into insulin- dependent sig- 
naling complexes. In agreement with this hypothesis, the recently 
identified adapter protein IRS5/DOK4 binds to SFKs upon phos- 
phorylation by the insulin receptor 21 . The goal of the work presented 
here was to evaluate a possible role of SFKs in insulin signaling in a 
physiological in vivo setting, and to characterize this impact on the 
pathway by focusing on a signaling component that has so far not 
been characterized to be regulated by Src. We investigated the effect 
of altered Src signaling levels on the transcription factor dFOXO, a 
central downstream transcriptional mediator of the cellular response 
to insulin-like peptides in the fly 22 " 24 , which is also conserved in 
higher organisms. 

Results 

Activation of Src42A prevents starvation-induced nuclear accu- 
mulation of dFOXO. Subcellular localization of dFOXO can be used 
as a readout for insulin signaling activity. In cultured cells, 
stimulation with insulin leads to nuclear exclusion, and serum 
deprivation to nuclear accumulation of dFOXO. During the larval 
stages of Drosophila development, dFOXO is not completely 
excluded from the nucleus under fed conditions, but rather equally 
distributed between nucleus and cytoplasm in the fatbody cells of 
growing 2 nd and early 3 rd instar larvae. During the 3 rd larval instar, 
dFOXO localization in the fatbody shifts more towards nuclear, even 
when larvae are still feeding (not shown). We therefore performed all 
the experiments investigating dFOXO localization with 2 nd or early 
3 rd instar larvae. The hs-FLP/FRT system 25 was used to generate 
GFP -marked transgene overexpression clones within a control 
tissue composed of wild type cells. As a positive control, we tested 
whether in starved animals, nuclear accumulation of dFOXO can be 
blocked by overexpressing the insulin receptor dlnR in clones of cells. 
Under these conditions, dFOXO was nuclear in wildtype fatbody 
cells, whereas the cells overexpressing the insulin receptor (marked 
with GFP in supplementary figure 1A and 1C) showed a dramatic 
overgrowth phenotype as well as a loss of the nuclear dFOXO signal 
(supplementary figure IB). Figure 1 displays the effect of clonal 
overexpression of wild-type and constitutively active ("CA") alleles 
of Src42A and Src64B on nuclear dFOXO localization and cell size 
under starvation conditions. The activated Src alleles Src42A[Y51 IF] 
and Src64B[Y547F] carry tyrosine to phenylalanine mutations which 
ablate the inactivating conserved phosphorylation site modified by 
the negative upstream regulator C-terminal Src kinase (CSK). The 
only statistically significant effect on dFOXO localization was 
observed upon expression of Src42-CA, which inhibited nuclear 
dFOXO accumulation and had a positive effect on cell size 
(Figure 1A-D). The wild type allele of Src42A did not confer the 
same effects upon overexpression, neither on cell size nor on dFOXO 
localization (Figure 1E-G). Constitutively active Src64B-CA had a 
positive effect on cell size, but no effect on nuclear dFOXO 
(Figure 1I-L), while expression of wild-type Src64B had no 
significant effect on cell size, and only a mild one on dFOXO 
localization (Figure 1M-P). To rule out the possibility that the 
different effects of the Src alleles on cell size and dFOXO 
localization are a consequence of transgene expression levels rather 
than kinase activity or specificity, we expressed the four Src 
transgenes used in this study with a fatbody-specific driver line 
(cg-Gal4) 26 and an eye-specific driver (GMR-Gal4) 27 and measured 
Src42A and Src64B transcript levels by quantitative realtime PCR in 
total larval and adult head extracts, respectively. We detected no 
significant differences in expression levely between the transgenic 
lines (data not shown), arguing that the effect of Src42A-CA is 
specific to the constitutive activation of Src kinase and not caused 
by variations in expression levels. In addition, we assessed whether 
inhibition of Src signaling by overexpression of the negative 
upstream regulator CSK has an effect on cell size or dFOXO 
localization, as it may be expected that under fed conditions, 



lowering of Src activity by CSK leads to reduced cell size and 
nuclear dFOXO accumulation. However, overexpression of the CSK 
did not have an effect on cell size or dFOXO localization in the 
fatbody of starved or yeast- fed larvae (supplementary figure 1D-I). 

Reduction of Src42A function leads to nuclear translocation and 
activation of dFOXO. We next asked whether a reduction in Src42A 
signaling levels would affect the localization and activity of dFOXO. 
To address this issue, we used two characterized loss-of-function 
alleles of Src42A. Src42A k10108 and Src42A Ip45 are both P-element 
insertions in the 5' untranslated region (UTR) of the Src42A gene. 
In both cases, homozygous larval lethality is rescued by mobilization 
of the P- elements as well as expression of Src42A transgenes 28 ' 29 . We 
analyzed the subcellular localization of dFOXO in these Src42A 
mutant lines under well fed conditions (yeast) in the fatbodies of 
2 nd instar larvae. In wildtype animals, dFOXO is distributed be- 
tween nucleus and cytoplasm (Figure 2A). In heterozygous Src 
mutants (Src42A k10108 / '+), we observed a phenotypic range from a 
subcellular distribution similar to the one observed in wildtype 
animals (Figure 2B) to a distinct nuclear localization (Figure 2C). 
In homozygous Src42A k10108 larvae, dFOXO was found to be nuclear 
in all samples examined (Figure 2D). These observations indicate 
that cytoplasmic localization of dFOXO in fed, growing animals is 
dependent on intact Src42A signaling. In an attempt to corroborate 
these findings with a molecular and quantitative readout for 
dFOXO's activity as a transcription factor, we measured the 
mRNA abundance of two established dFOXO target genes, d4E-BP 
and dlnR, in Src42A mutant larvae. Both d4E-BP and dlnR 
expression was strongly induced in both Src42A (Figure 2E) and 
Src64B mutants (Figure 2F). Src42A mutations elicited a stronger 
induction than Src64B mutations, and in both cases the target gene 
induction was suppressed by heterozygous dFOXO mutations. This 
indicates that Src is not only required for the prevention of aberrant 
nuclear accumulation of dFOXO during periods of organismal 
growth, but also for the concomitant shutdown of dFOXO target 
gene expression. 

dFOXO mutations suppress Src loss-of-function phenotypes. 

Homozygous Src42A Jp4S animals mostly die as larvae and the 
appearance of a few adult escapers has been reported when reared 
at 18°C (ref. 29). Under our laboratory conditions and at 25°C, the 
homozygous Src42A Jp45 mutation lead to 100% larval lethality during 
the 3 rd instar. To assess whether dFOXO is a physiologically relevant 
downstream effector of Src42A, we generated double mutant animals 
for Src42A and dFOXO and analyzed the effect of lowering dFOXO 
gene dosage on the Src42A phenotype. We observed a strong genetic 
interaction between Src42A and dFOXO. Not only was the elevated 
d4E-BP and dlnR expression in heterozygous Src42A mutant animals 
restored to near-wildtype levels, but also the larval size reduction of 
homozygous Src42A Jp45 animals was dominantly suppressed by the 
presence of one copy of the dFOXO 25 allele 22 in age-matched animals 
(Figure 2G and H). Furthermore, the larval lethality of homozygous 
Src42A mutants was rescued to the pupal stage by a heteroallelic 
combination of dFOXO 21 and dFOXO 25 (dFOXO alleles which as 
homozygous single mutants only display significant phenotypes 
under conditions of reduced insulin signaling, starvation or 
oxidative stress) (Figure 21). This epistasis of dFOXO over Src42A 
demonstrates that under physiological conditions in vivo, dFOXO is 
a critical downtream component of Drosophila Src signaling. To 
exclude the possibility that the phenotypes observed in Src and 
dFOXO mutants were due to abnormal feeding behavior, we used 
colored yeast paste to confirm that both Src and dFOXO mutant 
larvae feed normally (Supplementary Figure 2). 

Pharmacological inhibition of Src elicits dFOXO-dependent tran- 
scriptional phenotypes. To complement our genetic experiments, 
we performed larval feeding of SU6656, a specific inhibitor of SFKs 30 , 
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Figure 1 | Overexpression of constitutively active Src42A inhibits nuclear accumulation of dFOXO under conditions of starvation. Fatbody clones 
from early 3 rd instar larvae are shown. Larvae were raised on yeast for 48 h and starved on PBS for 24 h. Immunostainings were performed with mouse a- 
GFP (green), rabbit a-dFOXO (red). The nuclear DAPI counterstain is shown in blue. (A-C) Wildtype cells show nuclear dFOXO while nuclear shuttling 
is blocked in cells expressing constitutively active Src42A. These cells are larger than wildtype cells, thus, they display no starvation-induced growth arrest. 
Genotype is y w hs-flp;; Act > CD2 > Gal4 UAS-GFP/UAS Src42A. CA. (D) Graphs show the perimeter of wildtype cells ( WT) compared to cells expressing 
Src42A.CA (o/e) and the corrected total cell fluorescence (CTCF) calculated only for the nuclear region as a quantification of nuclear dFOXO abundance. 
Cells expressing consitutively active Src42A are significantly larger and have lower nuclear dFOXO levels than wildtype cells. (E-G) No significant 
differences in cell size or nuclear dFOXO are observed in Src42A.WT expressing cells. Genotype is y w hs-flp;; Act > CD2 > Gal4 UAS-GFP/UAS 
Src42A.WT. (H) Measuring the cell perimeter and calculating the nuclear fluorescence intensity shows that cells overexpressing wildtype Src42A are not 
significantly larger than wildtype cells and have similar nuclear dFOXO levels. (I-K) GFP-positive cells are slightly larger than wildtype cells and display 
nuclear dFOXO levels that are not significantly altered in comparison to wild-type cells. Genotype is y w hs-flp;; Act > CD2 > Gal4 UAS-GFP/UAS 
Src64B.CA. (L) Cells expressing constitutively active Src64B are significantly larger than wildtype cells but do not show a significant reduction of nuclear 
dFOXO signal. (M-O) Cells overexpressing the wildtype form of Src64B are of similar size like the surrounding cells and show slightly reduced starvation- 
induced nuclear shuttling of dFOXO. Genotype is y w hs-flp;; Act > CD2 > Gal4 UAS-GFP/UAS-Src64B. WT. (P) The graphs show that overexpression of 
a wildtype form of Src64B has no effect on cell perimeter, and a slight but significant one on nuclear fluorescence derived from the dFOXO antibody in 
fatbody cells. Scale bars represent 20 um. Statistical significance was tested using an unpaired, two-tailed Student's t-test. Asterisks represent * = p < 0.05, 
** = p < 0.01, *** = p < 0.001. 
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Figure 2 | Loss of Src kinase function leads to dFOXO nuclear translocation, target gene activation and dFOXO-dependent growth inhibition. 

(A-D) Confocal sections of fatbodies of 2 nd instar larvae, fed on yeast, are shown. Tissues were stained using an antibody against dFOXO. Insets show 
close-ups of selected cells. dFoxo is cytoplasmic in fatbody cells of fed wildtype larvae and shuttles to the nucleus in Src42A mutants. Genotypes are: 
wildtype (A), w; Src42A kl0108 /CyO (B, C) and w; Src42A kl0108 /Src42A k10108 (D). (E, F) Real-time qPCR analyses measuring the expression of the dFOXO 
target genes d4E-BP and dlnR in larval extracts are shown. Target gene expression is increased in the heterozygous and homozygous Src42A mutants 
Src42A k10108 and Src42A JP45 in well fed larvae. This effect is suppressed in homozygous mutants by one copy of the dFOXO 25 loss-of-function allele. 
Upregulation of d4E-BP and dlnR as well as the dFOXO-dependence of this effect are also observed in Src64B mutants (F). Genotypes are w; Src42A k10108 / 
CyO-GFP, w; Src42A kl0108 /Src42A k10108 , w; Src42A JP45 /CyO-GFP, w; Src42A JP45 /Src42A JP45 , w; Sp/CyO; dFOXO 21 /dFOXO 25 , w;;Src64B [PI] /Src64B [PI] and w;; 
Src64B [PI] dFOXO 25 /Src64B [PI] . (G, H) Growth is impaired in 3 rd instar larvae which are homozygous for Src42A JP45 . This effect is rescued by heterozygosity 
for dFOXO 25 , demonstrating that the size reduction is dFOXO-dependent. (I) Flies heterozygous for a Src42A mutation are fertile and viable, whereas 
homozygous mutants display larval lethality. Transheterozygous mutants with two Src42A alleles are partially rescued by the heteroallelic combination 
dFOXO 21 /dFOXO 25 and reach the pupal stage. Statistical significance was tested using unpaired, 2 -tailed Student's t-test. Asterisks represent * = p < 0.05, 
* * = p < 0.0 1 , * * * = p<0.001. Significance was tested against the corresponding value of the homozygous Src mutant without dFOXO mutations. Scale 
bars represent 50 (am in main pictures and 20 (am in insets. 
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to inhibit Src signaling in vivo. Quantitative realtime PCR was 
employed to quantify expression changes of Src genes and dFOXO 
target genes. Our first finding from this set of experiments was that 
both pharmacological and genetic inhibition of Src reduced mRNA 
expression levels of both Src42A (Figure 3 A) and Src64B (Figure 3B). 
This suggests the existence of some kind of feedback mechnism, in 
which Src kinases regulate their own expression. Evidence that this 
feedback mechanism probably involves dFOXO is presented in 
Supplementary Figure 3. This finding also illustrates that it is 
difficult to separate the effects of the two SFKs solely by genetic 
means using loss-of-function mutations. Figure 3C shows the 
effect of pharmacological Src inhibition on the expression levels of 
the dFOXO target genes d4E-BP and dlnR. SU6656 feeding strongly 
induced the expression of both genes (Figure 3C, bar pairs 1-3), with 
a more pronounced effect on d4E-BP, suggesting an activation of 
dFOXO. Indeed the observed target gene induction is dependent 
on dFOXO function, as it is completely suppressed in the presence 
of heterozygous dFOXO mutations (Figure 3C, bar pairs 4-9). Also 
the localization of dFOXO is shifted towards a stronger nuclear 



abundance by inhibitor feeding (Figure 3E) in comparison to the 
negative control treatment (Figure 3D). Based on a quantification 
of dFOXO signal in the nucleus, this effect is statistically significant 
(Figure 3F). These observations are in agreement with our genetic 
experiments that establish dFOXO as a mediator of Src loss-of- 
function phenotypes. 

Growth stimulation by the insulin receptor is partially dependent 
on Src activity. To assess the possibility that Src kinases are media- 
tors of the insulin pathway in Drosophila, we adressed the question 
whether insulin -dependent cell growth would by modulated by 
alterations in Src signaling. We therefore overexpressed the insulin 
receptor in fatbody cell clones of animals that were starved on PBS 
(Figure 4). Under these conditions, InR expression leads to a drama- 
tic cellular overgrowth and nuclear exclusion of dFOXO (Figure 4A- 
C). Feeding the starved larvae with 0.5 mM (Figure 4D-E) or 1 raM 
(Figure 4G-I) of the Src inhibitor SU6656 leads to a significant 
reduction of the size of the InR- expressing cells, without influ- 
encing the nuclear exclusion of dFOXO. Quantitative analysis of 
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Figure 3 | Pharmacological inhibition of in vivo SFK signaling elicits reduced Src expression and induction of dFOXO-dependent transcription. 

(A, B) Quantitative real-time PCR from total RNA extracts from 2 nd instar larvae are shown. Src42A expression levels are reduced in Src64B mutants and 
vice versa. (C) Quantitative real-time PCR from total RNA extracts from larvae are shown. Animals were fed on yeast for 48 h and treated with the Src 
inhibitor SU6656 for 24 h. Bar pairs 1-3: wildtype treated with DMSO as a control or 0.5 mM or 1 mM of SU6656, respectively. SU6656 treatment 
strongly upregulates the expression of 4E-BP in a dose-dependent manner. Bar pairs 4-6: Heterozygous dFOXO 21 mutants were treated with DMSO or 
Src inhibitor. Only high concentrations of SU6656 show a weak and non-significant effect on 4E-BP expression. Bar pairs 7-9: Heterozygous dFOXO 25 
mutants were treated with DMSO or Src inhibitor. SU6656 has no significant effect on 4E-BP expression levels. (D, E) Fatbody tissue from early 3rd instar 
wildtypic larvae treated with DMSO (D) or 1 mM SU6656 (E) immunostained with a dFOXO antibody. Insets show fluorescence intensity. The inset false 
colors correspond to increasing fluorescence intensity in the order blue-green-yellow-red (weak to strong). dFOXO translocates to the nucleus in fatbody 
cells from SU6656-treated animals. (F) Quantification of the nuclear dFOXO levels using the CTCF value. Cells from animals treated with SU6656 show a 
significantly stronger nuclear dFOXO signal compared to controls. Statistical significance was tested using ANOVA with Tukey- Kramer post test, except 
for (B) where data was analyzed with a Kruskal-Wallis test and Dunn post test. Asterisks represent * = p < 0.05, ** = p<0.01,*** = p< 0.001, or ns for 
non-significant differences. Significance was tested against the respective wild type control. 
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cell size (Figure 4J) shows that the effect of the Src inhibitor on the 
size of InR-expressing cells is highly significant. We conclude from 
this finding that active Src is needed to promote the growth-inducing 
signaling events triggered by activation of the insulin receptor. The 
dependence of the InR- dependent signaling of Src seems to be a 
partial one, because Src inhibition does not reduce the size of InR- 
expressing cells to wildtype cell dimensions. 

Inhibition of SFK signaling in mouse cells leads to nuclear accu- 
mulation of FOX03. The interaction between Src and FOXO in the 



model organism Drosophila raises the question whether this is 
conserved in higher organisms. We therefore monitored nucleocy- 
toplasmic shuttling of a mCherry-FOX03 fusion protein in mouse 
NIH-3T3 preadipocytes. FOX03 is one of the three human FOXO 
transcription factors which are inactivated by insulin/IGF signaling 
via phosphorylation-dependent cytoplasmic sequestration 31 . In 
NIH-3T3 cells growing in the serum- containing medium, 
mCherry-FOX03 was completely excluded from the nucleus 
(Figure 5A). Inhibition of PI3K activity with LY294002 lead to a 
shuttling of mCherry-FOX03 to the nucleus in the presence of 
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Figure 4 | Insulin receptor- dependent growth stimulation depends on Src activity in the fatbody. Fatbody clones from 3 rd instar larvae are shown. Larvae 
were raised on yeast for 60 h and starved on PBS +/— SU6656 for 16 h. Clones are marked with GFP (green). Immunostaining with mouse a-spectrin 
(red), rabbit oc-dFOXO (magenta) and DAPI (blue). Genotype y w hs-flp;; Act > CD2 > Gal4 UAS-GFP/UAS dlnR. (A-C) Clones overexpressing the 
insulin receptor from larvae starved on PBS for 16 h. Insulin receptor overexpression induces growth and inhibits dFoxo nuclear shuttling, while the 
wildtype cells display nuclear dFOXO and subsequent growth arrest. (D-F) When 0.5 mM of the Src-Inhibitor SU6656 is added, the overgrowth of InR 
overexpression clones in starved tissue is significantly reduced, but dFOXO nuclear exclusion is unchanged. (G-I): Addition of 1 mM SU6656 also 
reduces overgrowth of InR clones without leading to nuclear dFOXO accumulation. (J) Quantitative analysis of the fatbody clones shows a significant 
reduction of the overexpression clones upon SU6656 feeding. Error bars represent standard deviation. Scale bars are 20 uM. Significance was tested using 
one-way ANOVA with post-tests. Asterisks represent *** = p < 0.001. 
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Figure 5 | SFK signaling regulates FOXO localization in mammalian cells. (A, D) In transiently transfected NIH-3T3 mouse fibroblasts, mCherry- 
FOX03 is cytoplasmic when cells are growing in FCS-containing medium. (B, E) Under these conditions of serum-dependent growth, inhibition of Src by 
treatment with 5 uM SU6656 for 1 h leads to nuclear accumulation of mCherry-FOX03, as does inhibition of PI3K activity by incubation with 50 uM of 
the inhibitor LY294002 for the same time (C, F). Each confocal section displaying the dFOXO antibody signal in red is shown once without (A, B, C) and 
once with (D, E, F) the blue nuclear DAPI counterstain. The subcellular distributions shown are representative and were observed in all expressing cells 
examined (n > 50 for each condition). 



serum (Figure 5C). The same effect was obtained using SU6656. SFK 
inhibition with SU6656 resulted in nuclear localization of mCherry- 
FOX03 in the presence of serum (Figure 5B). We conclude from this 
observation that the regulation of O subclass forkhead box 
transcription factors is most likely conserved between species such 
as fly and mouse. 

Discussion 

In this study we established a functional genetic interaction between 
Src kinases and the FOXO transcription factor in Drosophila and 
mammalian cells. The basis for this study was the described implica- 
tion of Src in the upstream part of the insulin pathway in mammalian 
cells, between the receptor and AKT. It should be considered that 
most of the studies linking mammalian Src kinases to the insulin 
pathway are performed in cultured cells and make use of pharmaco- 
logical inhibitors of Src family kinases. Special caution should be 
advised when interpreting conclusions drawn from experiments with 
the widely used inhibitors PP1 and PP2, because in addition to SFKs 
they also block platelet- derived growth factor receptor (PDGFR) 
tyrosine kinase activity with equal potency 30 . Despite the accumu- 
lated biochemical data, solid functional evidence for a requirement of 
Src activity for insulin signaling in a physiological context is still 
scarce. We sought to answer this question by manipulating Src sig- 
naling levels in vivo by genetic and pharmacological means, and 
using the localization and activity of dFOXO as a readout for insulin 
pathway activity. Our results show that Src kinases are indeed 
required for the negative regulation of dFOXO. While artificial 
activation of Src42A and, to a lesser extent, Src64B prevented the 
starvation-induced nuclear translocation of dFOXO in the larval 
fatbody, reduced Src signaling levels lead to nuclear accumulation 
of dFOXO under high nutrient conditions under which the protein 
normally displays prominent cytoplasmic localization. In addition to 
its subcellular localization, also dFOXO transcription factor activity 
was found to be regulated by Src42A levels. Transcription of the two 
target genes dlnR and d4E-BP was strongly increased in Src42A 
mutant animals, which displayed also a body size reduction in the 
larval stage, and to a lesser extent in Src64B mutants. The presence of 
a single copy of a dFOXO null mutation was sufficient to reduce the 



elevated dlnR and d4E-BP transcription in Src mutant or inhibitor- 
fed larvae back to wildtype levels. The dFOXO mutation also dom- 
inantly rescued the larval size reduction elicited by the lack of Src42A, 
establishing dFOXO as a critical mediator of Src signaling in the fly. 
Src seems to act in the insulin pathway between the insulin receptor 
and dFOXO, as the growth induction by the insulin receptor was 
demonstrated to partially depend on Src in our experiments. 
Furthermore, our finding that inhibition of SFK signaling in mouse 
cells impacted on FOXO localization as well suggests that this inter- 
action has been conserved throughout evolution. The question 
whether Src42A signals to dFOXO indirectly through upstream 
components in the insulin pathway or through other upstream 
kinases, possibly even in a direct manner or in a combination of both, 
is at this point still open and remains to be investigated. 

Methods 

Genetics, fly strains, antibodies and constructs. Flies were kept on standard food 
containing 80 gagar, 1 1 molasses, 165 g brewer's yeast, 815 g cornmeal, and 200 ml 
nipagin (200 g/1 1 ethanol) per 13.3 1 of water (see Buch et al. 32 ) at 25°C. OregonR-S 
(Bloomington stock nr. 4269) flies were used as a wildtype reference. We used the 
double-balancer line yw; Sp/CyO-GFP; Tm2 Ubx/Tm6B tb-GFP to generate 
Src42A kl0108 /CyO-GFP and yw; Src42A JP45 /CyO-GFP lines to easily identify 
homozygous larvae, and to generate transheterozygous lines carrying both Src42A 
and dFOXO mutant alleles. To test the transheterozygous lines for presence of both 
Src42A P-element insertions, we performed single fly PCRs using the following 
primers: 

Src42A_genomic_fwd: GAGTTAAAATGTGAATACGGATGCCAGCCC 
Src42A_genomic_rev: TTGTTCGCGAATAAGGCGTGCGTGTGAACG 
P{LacW} 5': TACGTTAAGTGGATGTCTCTTGCCGACGGG 
P{LacW} 3': GGTAAGCTTCGGCTATCGACGGGACC 

We crossed the heat-shock-inducible Flp/FRT line hs-flp;; Act5C > CD2 > Gal4 
UAS GFP/Tm6B (reference 25) to the Src overexpression lines w; UAS-Src42A-CA 
(Bloomington stock nr. 6410, reference 29), w; UAS-Src42A (reference 33), w; UAS- 
Src64B-CA (reference 33) or w; UAS-Src64B (Bloomington stock nr. 8477, reference 
34) to generate GFP-marked overexpression clones. As a positive control to elicit 
dFOXO nuclear exclusion, we used a w; UAS-dlnR line 35 to overexpress the insulin 
receptor. For loss-of- function experiments, we used the Src42A mutant alleles yw; 
Src42A kl0108 /CyO (Bloomington stock nr. 10969, reference 28) and yw; Src42A JP45 /CyO 
(reference 29), the Src64B mutant allele yw; Src64B [PID] /Src64B [PI] (Bloomington stock 
nr. 7379, reference 36) and the dFOXO mutant alleles dFOXO 21 and dFOXO 25 (ref- 
erence 22) for rescue experiments. The double-balancer line)/w; Sp/CyO-GFP; Tm2 
Ubx/Tm6B tb-GFP was used to generate Src42A kl0108 /CyO-GFP and yw; Src42A JP45 / 
CyO-GFP lines to easily identify homozygous mutant larvae based on absence of GFP 
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fluorescence, and to generate transheterozygous lines carrying both Src42A and 
dFOXO mutant alleles. For immunostainings, we used the following primary anti- 
bodies: a-FOXO (N-terminus) from rabbit, a- FOXO (C-terminus) from rabbit 24 and 
a monoclonal a-GFP from mouse (Sigma-Aldrich, #G6539). The pcDNA3.1- 
mCherry-FOX03 construct encoding a human FOX03 protein with the red fluor- 
escent mCherry protein fused to its N-terminus, the mCherry coding sequence was 
amplified from the pRSET B -mCherry vector 37 and cloned in frame into the Nhel site 
within the HA-tag coding region in the pcDNA3. 1 -HA-FOX03 described by Asselin- 
Labat et al. 38 (with the mCherry insertion removing the HA-tag from the FOX03 N- 
terminus). The following primer pair was used to amplify the mCherry coding 
sequence with Nhel linkers: 
mCherry_fwd: 

TTAGCGCTAGCGCTGATATCGCTGCTGCTATGGTGAGCAAGGGCGAGG 
mCherry_rev: TTAGCGCTAGCAGCCTTGTACAGCTCGTCCATGCCG 

Realtime PCR. RNA from Drosophila larvae or adults was extracted with peqGOLD 
TriFast (peqlab)/chloroform in a Precellys homogenisator (peqlab), following the 
TriFast protocol. Extracted RNA was diluted in DEPC-treated water. For quantitative 
real-time PCR, 500 ng of RNA were used for cDNA synthesis with a QuantiTect 
Reverse Transcription Kit (Quiagen). A -RT reaction (without reverse transcriptase) 
with Actin5C primers was performed to control presence of genomic DNA in the 
RNA sample. Quantitative real-time PCR was performed with a CFX96 (Bio-Rad). 
PCR reactions consisted of first- strand cDNA template and iQ SYBR Green Supermix 
(Bio-Rad). Actin5C and rp49 were used for normalization. Primers were chosen with 
minimal self- and 3' complementarity and CG content between 40% and 60%, and 
primer efficiency was tested using a cDNA dilution series. The following primer sets 
were used: 

actin_fwd: GATCTGGCTGGTCGCGATT 
actin_rev: GGCCATCTCCTGCTCAAAGTC 
rp49_fwd: TCTACCAGCTTCAAGATGAC 
rp49_rev: CGAGAGAACAAACAAGGTGGA 
4E-BP_fwd: GAAGATTGAGGACCAGGAACA 
4E-BP_rev: CGAGAGAACAAACAAGGTGGA 
InR_fwd: CACCCCGCTTCTATACTCCA 
InR_rev: GTTAGGATGGTGGCCTGTTC 
Src42A_fwd: CTATGCGTCAACCTCTGCAA 
Src42A_rev: TGGGGTCCATTGTACCAGAT 
Src64B_fwd: GATGCTGTGCCCGAGAAG 
Src64B_rev: CGTGTGTGTATGCGTGTGAG 

Immunostainings. Fatbodies from Drosophila larvae were dissected in Drosophila 
Ringer solution and fixed for 30 minutes in 3.7% formaldehyde in PBT (Roth), 
washed with 0.5% PBT and blocked with 5% Goat Serum (Gibco). Primary antibodies 
were incubated over night at 4°C. Fluorescence-labeled secondary antibodies were 
incubated for 1 h at room temperature. Tissue was washed with 0.1% PBT before 
being incubated with DAPI and mounted in Mowiol. As primary antibodies, we used 
mouse-a-GFP (Sigma) and rabbit-a-dFOXO against C- and N-terminus 24 . As 
secondary antibodies, we used Alexa488-coupled goat-a-mouse and Alexa546- 
coupled goat-a-rabbit. DAPI was used as a nuclear counterstain. Fatbodies were 
mounted in Mowiol and analyzed with a Zeiss LSM 710 confocal microscope. Pictures 
were analyzed with Zeiss LSM Image Browser to show fluorescence intensity and with 
ImageJ to calculate the corrected total cell fluorescence (CTCF) value 39 with the 
formula IntDen - Area x Mean of background = CTCF. For a quantitative analysis of 
nuclear dFOXO signal, the CTCF formula was applied only to the fluorescence 
intensity in the nuclear region in the confocal sections. 

Starvation and larval inhibitor feeding. Eggs were collected for 4 h on apple juice 
agar plates with fresh yeast paste (42 g diluted with 6.5 ml of PBS). For starvation 
experiments, larvae were raised on the plates for 48 h and transferred to a dish with 
PBS-soaked filter paper for 24 h. For experiments with the Src inhibitor SU6656, flies 
were raised on apple juice agar plates for 48 h and transferred to fresh apple agar 
plates with fresh yeast paste mixed with 200 ul of a 0.5 or 1 mM solution of the Src 
inhibitor, diluted in water from a 100 mM stock solution in DMSO. As a vehicle 
(negative) control, we added an equal quantity of DMSO without the inhibitor. 

Statistics. We used the InStat program from GraphPad Software for statistical 
analyses and used the tests which were recommended by the program according to 
data input. For single comparisons, we used an unpaired, two-tailed Student's t-test to 
determine the p -value. For multiple comparisons, we used one-way ANOVA with 
Tukey- Kramer post test if the Kolmogorov-Smirnov (KS) test suggested normal 
distribution of the data points, and Kruskal- Wallis test with Dunn post test if the data 
did not pass the KS test (applies only to figure 3B). We used 0.05 as a-value for all 
statistical analyses. All experiments were carried out with at least 3 biological 
replicates, real-time PCR experiments with at least 5 biological replicates and 2 
technical replicates each. 
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